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Summary of geologic logs from test holes -------------A-l. Description of selected wells and borings--------------A-2. Logs of selected wells and borings-------------------A-3. Particle-size distribution of lithologic samples from various depths in selected wells ------------------------
INTRODUCTION
In recent years, a number of communities in the central Connecticut River valley of Massachusetts have experienced frequent water-supply shortages. Amherst, in particular, has been plagued by persistent water-supply deficiencies, mainly the result of the rapid expansion of the University of Massachusetts, which accounts for over 50 percent of the Town's water consumption. The adjacent Towns of Hadley and Sunderland also have experienced intermittent water-supply deficiences.
Most of the municipal ground-water supplies in the central Connecticut River valley lowlands area are derived from glacial sand and gravel deposits that underlie glacial silt and clay deposits. Tighe and Bond (1973) reported that the basal sand and gravel deposits correspond to the location of a preglacial river valley that traverses the area. Walker and Caswell (1977) suggested that a basal layer of sand and gravel is present widely, but not everywhere, in the lowlands area.
Previous Investigations
Surficial deposits are shown on maps of the Mount Holyoke and Mount Toby quadrangles by Balk (1957) and Jahns (1951) . Bedrock geology is shown on maps of the Mount Holyoke and Mount Toby quadrangles by Balk (1957) and Wfllard (1951) . Bedrock-surface contours are shown on maps of the Mount Toby and Mount Holyoke quadrangles by Londquist (1974 Londquist ( , 1975 respectively. Walker and Caswell (1977) and Frimpter (1980) described the general ground-water conditions in the Connecticut River lowlands of Massachusetts. Tighe and Bond, consulting engineers, reported on ground-water testing in the Hockanum area of Hadley (1972) and discussed additional sources of supply for Amherst (1973) . Aimer Huntley, Jr., and Associates, Inc. (1974) described general ground-water conditions and results of ground-water testing in the Town of Hadley. Petersen and Maevsky (1962) and E. H. Walker and W. W. Caswell, III (U.S. Geological Survey, personal commun., 1977) provided well data.
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HYDROGEOLOGY Geology
The bedrock underlying most of the area consists of sandstones, conglomerates, shales, and some lava flows. These rocks formed during Triassic and Jurassic time in a north-south-trending valley bounded on the east by a major fault. The lowland is the result of preglacial erosion which cut more deeply into the Triassic and Jurassic sedimentary rock than the more resistant crystalline rocks of the bordering highlands and the Holyoke Range.
During the glacial period, the ice that advanced over this area rounded hills and deepened the bedrock valley in places. The ice deposited a discontinuous sheet of till, a heterogeneous mixture of rock fragments, ranging in size from boulders to clay, over the bedrock. As the glacial ice melted, streams of meltwater deposited sand and gravel along channels in the ice (eskers and kames) and in channels between the ice and adjacent hills (kame terraces).
-2-During deglaciation and for some period after, the Connecticut River valley was occupied by "Lake Hitchcock," a large lake that formed behind a dam of glacial deposits in Connecticut. Lake-bed deposits of clay, silt, and fine sand occur beneath most of the lowlands that were occupied by Lake Hitchcock. These deposits are as thick as 476 feet where they fill the preglacial river channel and other glacially scoured areas. In places, these lake deposits overlap or bury sand and gravel deposits. During the period that the glacial lake was draining, tributary streams from the valley sides spread alluvial deposits out into the receding lake. These deposits of sand and gravel cover the fine-grained lake-bottom deposits in places.
When Lake Hitchcock eventually drained, the Connecticut River eroded and meandered across parts of the former lake bottom creating the present wide terraces and flood plain. A layer of alluvial sand and some gravel, as much as 50 feet thick, caps these terraces and the flood plain. The distribution of surficial deposits and underlying bedrock formations is shown on the geologic maps of the Mount Toby (Balk, 1957) and Mount Holyoke (Jahns, 1951; Willard, 1951) quadrangles.
Ground-Water Development
Within the study area, large quantities of water are being withdrawn from buried deposits of sand and gravel. Withdrawal rates range from 190 to 1,080 gal/min. The location of 10 high-capacity wells and test wells are shown on plate 1, and data and logs are presented in tables A-l and A-2 in the Appendix.
The aquifers along the northern boundary of the study area in Sunderland are deltaic deposits of sand and gravel that were deposited by glacial meltwater streams emptying into Lake Hitchcock from the adjacent highlands. Historically, ground-water development from the Sunderland delta was initially from natural and improved spring flows. Lowered spring flows in dry years, or the need for additional water, resulted in the development of wells which further lowered the natural water level and reduced spring flows which, in turn, resulted in the development of more wells to augment declining spring flows. The installed ground-water withdrawal capacity is about 4 Mgal/d, and the average yearly withdrawal is approximately 2.9 Mgal/d. Based on an estimated rate of ground-water recharge from precipitation of 1 Mgal/d for areas of stratified-drift deposits in New England, the 2 mi 2 area of stratified-drift deposits receives, on the average, about 2 Mgal/d of ground-water recharge. However, ground-water withdrawals (1981) exceed 2.9 Mgal/d. This level of pumping is being supported by recharge and by induced infiltration from a stream that flows across the area, as well as by leakage from less permeable materials adjacent to the aquifer. Based on measurements of stream runoff from two similar basins in western Massachusetts of approximately the same size (3.9 mi 2), it is estimated that recharge of 2 Mgal/d is available as induced infiltration from the stream. Thus, the total amount of estimated available water for the area is 4 Mgal/d, which is equal to the current withdrawal capacity. Withdrawals approaching the 4 Mgal/d capacity of the aquifer would cause further decreases in spring flow. During dry years, average recharge may be less than average withdrawal, and 4 Mgal/d might not be obtainable.
The small delta at the location of Sunderland well 50 is highly developed for its size. The public-supply well can pump 0.6 Mgal/d, and, in conjunction with direct pumpage from the stream crossing the area, serves as one source of supply to the Sunderland Water District system. In Hadley, the aquifers are sand and gravel deposits that are overlain by varying thicknesses of silt and clay. These deposits are closely associated with, and most likely continuous with, nearby mapped surficial ice-contact sand and gravel deposits. The available pumping capacity of the area near Mount Warner is 1.5 Mgal/d from two publicsupply wells (Hadley wells 15 and 16) . Aimer Huntley, Jr., and Associates, Inc. (1974) has reported that the two wells could be pumped to yield a total of 3 Mgal/d. It has also been reported that the water table near these wells has declined at a rate of about 1 foot per j -4-year since development began. The Hadley well 22 site has been developed to yield 2.8 Mgal/d from two public-supply wells. The drawdown data from a pump test at this site indicate that the aquifer is hydraulically connected to the Fort River a source of induced recharge. In addition, ice-contact deposits just to the east serve as a recharge area. The site shown as Hadley well 19 has been tested but not developed. Analysis of available data from an aquifer test, and from test well drilling at this site, indicates that the aquifer may yield from 2 to 4 Mgal/d. The test data also indicate that there is a good hydraulic connection betweeen the aquifer at this site and the Connecticut River.
EXPLORATION METHODS AND RESULTS
Exploration to determine the areal extent of a basal sand and gravel aquifer was conducted from June 1981 through July 1982. Nine 7-inch diameter test holes were drilled using the mud rotary method. These test holes were geophysically logged and piezometers were installed. Seismic refraction surveys were conducted at six sites. A seismic reflection survey was pun along 10.8 miles of the Connecticut River. The results of this exploration work are described in detail below.
Test Drilling
The drilling program was designed to explore previously untested areas having large thicknesses of unconsolidated material. Locations for drilling were selected based on available bedrock contour maps and availability of owner permission. Most of the test holes were located in the northern part of the area because of the unavailability of sites in the southern part of Hadley. Nine test wells (numbers 27, 29, 30, and 31 in Hadley and 65, 66, 67, 69 , and 70 in Sunder land) were drilled, and range in depth from 100 to 303 feet. The locations of the test wells are shown on plate 1, and information about each well, including a lithologic log, is given in tables A-l through A-3 in the Appendix. The lithologic logs are based on observations of the cuttings contained in the drilling mud and on split-spoon samples. In general, similar lithology was encountered, and is summarized in table 1. Lake deposits:
Till:
Layered fine sand to gravel; some silt. At six locations, 2-10 feet of clay was encountered at the surface.
Varved clay, silt, and very fine sand. Clay and silt predominate in the upper part of this sequence and grade to slightly coarser silt and very fine sand with depth.
Heterogeneous mixture of red clay, silt, sand and gravel.
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17-274 0-5 -5-Two exceptions to the above generalized description are worth noting. In test well Hadley W-27, a 50-foot layer of fine sand was found between 250 and 300 feet in depth. Also, Hadley 31 has thin lenses of silt and clay lake deposits that interfinger with sand and sand and gravel that may be outwash or thin alluvium deposited by streams entering the glacial lake during the period when it was draining.
Geophysical Logging
Geophysical logs aid in identification of lithologic boundaries, lithologic characteristics, and hydrologic properties. Geophysical logs are used as a supplement to the driller^ descriptive log. SP (spontaneous potential), resistance, and natural-gamma-ray logs were made of each of the test holes drilled during the study.
SP is a measure of the voltage generated spontaneously by electrical-conductivity differences between drilling mud and formation water. SP is measured between an electrode moved through the borehole and another electrode connected to the ground surface. In unconsolidated material saturated with freshwater, the trace near the center of the log corresponds to silt and clay. Shifts to the left (negative) relate to other generally more permeable strata, such as sand or sand and gravel ( fig. 2) .
The resistance technique measures the resistance to flow of an electric current through earth materials between two electrodes moved through the borehole. Saturated clay formations have relatively low resistivity (trace to the left), and sand formations have relatively high resistivity (trace to the right); see figure 2.
Natural gamma ray logging measures the radiation of gamma rays from naturally occuring radioactive elements in subsurface formations (mainly potassium-40 in the tinconsolidated materials deposited in Massachusetts). In most cases, clay contains more of these elements than sand or sand and gravel. The log of unconsolidated formations indicates clay-rich deposits at those depths where the gamma-ray intensity is high (trace right) and sand-or gravel-rich deposits where the intensity is low (trace left); see figure 2.
The geophysical logs of the test wells (figs. 2 and 3), generally correlate with the lithologic logs, but, in many cases, provide more detail. For example, the lithologic log of Sunderland W-67 ( fig. 2) indicates the presence of fine sand and clay in layers from a depth of 30 to 55 feet. The geophysical logs of this same interval are interpreted to show that the clay is located at depths of 32 to 35 and 42 to 47 feet, the rest being fine sand.
A comparison of the geophysical logs of Hadley W-27 and the other test wells and the material recovered by several split-spoon samples indicates that the lake deposits penetrated in all but one of the other test wells may have more very fine or fine sand with depth than is indicated by the material logs alone. Neither the lithologic nor geophysical logs indicated any coarse-grained material at depth.
Seismic Surveys
Seismic refraction surveys were conducted at locations selected to locate and verify the presence of the thickest unconsolidated deposits, to determine the geologic setting of several test wells, and to provide velocity data to help interpret seismic reflection records. Surveys at six sites totaled 12,450 feet in length, and were interpreted by delaytime and ray-tracing techniques described by Scott and others (1972) . The locations of the seismic lines are shown on plate 1, and the interpretive cross sections are shown in figure 4. Depths to bedrock from land surface range from 138 to 476 feet.
A continuous seismic-reflection profile was made from a boat over 10.8 miles of the Connecticut River from just south of Mount Warner to the Holyoke Range (plate 1). About 5.3 miles of good record and 2.9 miles of poor, but usable, record was obtained. Areas of poor or no data were due to either organic river-bottom deposits which blocked -6-energy transmission, insufficient sound-source energy necessary to penetrate the full thickness of the unconsolidated deposits, or the masking of the shallow lithology on the record by strong multiples of river-bottom reflections. An interpreted cross section along the entire traverse of the reflection survey ( fig. 5 ) shows an area of sand and gravel deposits, or till with some stratification, underlying fine-grained deposits between locations 23 and 32. The record and its interpretation for a portion of this area is shown in figure 6 . The presence of these coarse deposits has not been verified by drilling. As shown on the cross section, the survey provided depth-to-bedrock information. A bedrock-surface elevation of 190 feet below sea level was recorded near station 22 on the traverse. Additional selected seismic reflection profiles are shown in figure 7.
FUTURE GROUND-WATER EXPLORATION
Plate 1 shows those areas where future ground-water exploration might discover additional coarse-grained deposits that have the potential for significant ground-water development. These areas have been delineated based on the location of present groundwater development, surficial geology, bedrock topography, and interpretation of seismic records. The best area for exploration lies just west and north of the Holyoke Range, between Hadley W-19 and W-22, where surficial sand and gravel is present on the east and the seismic record along the river indicates coarse-grained material at depth. The area east of Mount Warner, shown extending about 0.5 mile north and 1 mile south of Hadley W-15 and W-16, is based on present (1984) development, the presence of surficial sand and gravel, and the presence of a deep bedrock valley. The less favorable area, which extends from Mount Warner south to Hadley W-22, north of the Holyoke Range, also is underlain by a deep bedrock valley. The extent and potential of most of this area in the southern part of Hadley has not been assessed in this study.
Some of the ground water in Hadley has not been developed because it contains manganese, 0.35 mg/L (Tighe and Bond, 1972) and would have to be treated to meet drinking water standards (U.S. Environmental Protection Agency, 1975; 1977) . Manganese and iron-bearing ground water has been developed in Massachusetts, but only where less expensive sources could not be found (Frimpter, 1973) . CONCLUSIONS 1. No areally extensive basal sand and gravel aquifer exists beneath the study area.
2. Limited, irregularly distributed, buried sand and gravel deposits capable of providing large quantities of ground water are present and have been developed.
3. The developed aquifer areas in Hadley may have the potential to be developed for additional ground-water withdrawals, but the water may have to be treated for iron. Data indicate that 2 to 5.5 Mgal/d of additional ground water could be pumped from the existing sites. Preliminary data show that additional areas in the southern part of Hadley may be underlain by coarse-grained deposits that have the potential for high capacity ground-water withdrawals. These areas may warrant further ground-water exploration.
-7- Discharge: R, the value was reported to author.
Water use: C, commercial; H, domestic; P, public supply; Q, aquaculture; S, stock.
Lithology of principal aquifer: Adjective symbols are C, coarse; F, fine; LTL, little; M, medium; SME, some; V, very. Lithology symbols are B, boulders; CL, clay; G and GRVL, gravel; S and SAND, sand; SDGL, sand and gravel.
Type of log available: Logs available in table 4 C, caliper log; E, electric log; J, gamma ray log. Logs available in table 2 D, driller's log; G, geologist's log.
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